Thermal inactivation of rabies and several other rhabdoviruses was studied using virus suspended in several different diluents. Rabies serogroup viruses were more stable than Kern Canyon or vesicular stomatitis viruses. Limited studies of two fish rhabdoviruses requiring low temperatures (<33 C) for replication indicated that they were not markedly more thermolabile than rabies virus. Bovine serum protein components in complex cell culture media stabilized virus at 56 C, but at temperatures of s37 C, sodium tris(hydroxymethyl)-aminomethane (NT) buffer containing ethylenediaminetetraacetic acid (EDTA) (NTE) was a much more efficient stabilizer of virus infectivity. Chelating agents EDTA and ethyleneglycol-bis-(,8-aminoethyl ether)tetraacetic acid were equally efficient in protection of rabies virus infectivity; the effect of each was lost when excess Ca2+ was added. Bovine serum in NT or NTE buffers produced a thermostabilizing effect at 37 C not provided by the same serum concentration in complex cell culture media. Bovine serum was more efficient than EDTA in stabilizing virus infectivity during repeated cycles of freezing and thawing.
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We have previously described the thermoinactivation of several strains of fixed rabies virus and rabies ts mutants, propagated in cell culture and heated at 40.5 C (5, 8); other published reports on rabies virus thermoinactivation have dealt with virus propagated in mouse brain (21, 30) . The analysis of thermoinactivation of vesicular stomatitis virus (VSV) has been restricted to one or a few temperatures and the influence of different suspending milieu on thermoinactivation has not been evaluated (11, 18, 19, 29) .
Because of the increasing importance of cell culture-propagated (concentrated or otherwise) rabies virus in vaccine production (33) , we wished to determine the thermostability of such virus at several temperatures, in a variety of suspending media. As part of a continuing comparative study ofproperties of a variety of rhabdoviruses (2, 25, 28) , we have also characterized the thermoinactivation of several other vertebrate rhabdoviruses.
The diluents studied include solutions in standard use in our laboratory-complex cell culture media supplemented with bovine serum proteins, buffered salt solutions with or without I Deceased 25 May 1974. chelating agents, and buffered salt solutions supplemented with serum. Remarkable differences were noted in the thermostabilizing effects of protein in cell culture medium as compared with simple buffers. Differences in the effect of added cations (Mg2+ and Ca2+) on the thermostabilizing efficiency of ethylenediaminetetraacetic acid (EDTA) and ethyleneglycol -bis (,8 - were titrated in BHK-21 cell monolayers (6) . Rabies, Lagos, and Mokola virus plaques were read after 6 days at 35 C, KCV after 5 days at 35 C, VSV after 1 day at 35 C, and SVCV and PFV after 3 days at 23 C.
Virus concentration. For released virus, the medium from infected cultures was harvested; for cellassociated virus, the cell sheet was washed three times with phosphate-buffered saline (PBS; Dulbecco) (13) and frozen and thawed three times in MEM-0. 1 BSA. Virus preparations were clarified by low-speed centrifugation (20 min, 500 x g) and then sedimented at 36,000 x g for 1 h. The sediment, suspended overnight at 4 C in PBS, was sonicated at 0 C at 1 A for 1 min with a Branson sonifier, again clarified by low-speed centrifugation, and then sedimented a second time. The sediment was again suspen4ed in PBS or NT buffer [sodium tris(hydroxymethyl)aminomethane(Tris)] at 4 C and then used immediately as the stock virus, concentrated approximately 100-fold.
Diluents. Virus was suspended in PBS (13) For harvest, the tubes were plunged into an ice bath, 1 ml of BM-Sr2 was added to stabilize the residual infectivity, and the sample was frozen at -70 C. Calculation of half-life. Virus inactivation rates were compared on the basis of half-lives of infectivity. For a given set of inactivation conditions, the log1,, of residual infectivities were plotted against time (see Fig. 1-3) . The time required for 1 log1, decrease in titer was determined from the inactivation curve (the initial phase of two-phase curves was used); this time period was divided by 3.32 to give the time required for 1 log, decrease in titer (or one "half-life") (15) .
RESULTS
Effect of temperature and diluent. A typical pattem of inactivation of the infectivity of rabies virus (strain ERA) suspended in our standard protein-containing virus growth medium (MEM-0.1 BSA) and exposed to various temperatures is shown in Fig. 1 . The virus titer decreased more than 10')-fold in less than 15 min at 56 C, whereas less than a 102-fold decrease was noted during 15 days of observation at 4 C. Infectivity inactivation curves were either irregularly monophasic or biphasic, with declinations in the slope of the inactivation curve occurring after varying time intervals. The effect of the diluent upon the rate of thermal inactivation of rabies virus (released virus) and released VSV at 37 C is illustrated in Fig. 2a and b. It is clear that both viruses are protected against thermal inactivation much more efficiently by NTE buffer (protein free) than by the other diluents, two of which contain protein additives. Cell-associated rabies virus (data not shown) was inactivated at a slightly more rapid rate than was released virus.
The effect of the diluent upon the rate of thermal inactivation of these two viruses at 56 C ( Fig. 3a and b) was markedly different. At this temperature each virus was protected more efficiently by protein-containing diluents than by either NTE or PBS buffers. After inactivation of the greatest portion of the virus infectivity within 5 to 10 min, a small fraction of thermostabile virus sometimes persisted for up to 30 min in protein-containing diluents only and in NTE buffer in the case of VSV only. When rabies virus that had survived exposure to 56 C for 30 min in BM-Sr2 was regrown in BHK-21 cells and reheated at 56 C, rapid inactivation at a rate similar to that of the parental virus stock was obtained, indicating that the thermostable rabies virus population did not result from genetic variance.
Half-life determinations indicating the relative effects of temperature and diluent upon the rates of inactivation of a variety of rhabdoviruses are listed in Table 1 . The effect of the diluent on the thermostability of the vertebrate rhabdoviruses was remarkably similar. Virus suspended in diluents containing bovine serum proteins tended to best resist inactivation to heating at 56 C. At temperatures of 37 C or below, NTE was uniformly the most protective diluent; at these temperatures, protein-containing diluents provided a lesser degree or no protection.
Striking differences in the rate of thermal inactivation of the rabies (PM and ERA), rabies serogroup (Lagos and Mokola), and fish rhabdoviruses were not noted. VSV and KCV were inactivated at rates approximately twice those of the rabies serogroup viruses. A nonconcentrated preparation of rabies virus (PM) was more stable than concentrated virus regardless of diluent when heated at 56 C but not at lower temperatures.
Identification of virus-thermostabilizing component of NTE buffer. NTE buffer, clearly VOL. 14, 1976 on October 11, 2017 by guest http://iai.asm.org/ Downloaded from superior to other test diluents in its thermostabilizing effect on rhabdoviruses tested at physiological temperatures, differed from other test diluents in its content of both Tris and EDTA. However, when rabies virus was heated at 37 C after suspension in Tris buffer with or without EDTA (Table 2) , it became clear that the EDTA was the thermostabilizing component.
If EDTA stabilizes rabies virus, it should be possible to titrate the effect in serially decreased concentrations of EDTA. The results of a series of experiments, carried out at 37 C, that demonstrate this effect are listed in Table  3 . EDTA effectively protected rabies virus infectivity over a broad range of concentrations, from 0.1 to 0.0001 M, with an optimum efficiency observed at a concentration of 0.01 M. The protective effect of EDTA was completely lost only at a dilution to 0.00001 M concentration. An experiment with unconcentrated virus (experiment 3, Table 3 ) revealed that the protective effect of EDTA was not limited to virus possibly damaged during the manipulations included in our concentration procedure.
Inasmuch as EDTA appeared to specifically protect rhabdoviruses, the assumption that such protection might be attributed to its che- 3. bThe pH of all diluents was 7.8. serum added to BHK cell medium had no thermostabilizing effect. Very similar inactivation rates were observed in NTE, NT + 2% serum, and NTE + 2% serum. The thermostabilizing effects of EDTA and serum were apparently not additive in this system.
Effect of EDTA and serum on rabies virus inactivation by freezing and thawing. Observations of thermostabilizing effects of diluents at different temperatures have suggested that different factors may account for thermal inactivation of viruses at 56 C and at lower, physiological temperatures (see below). Thus, an additional experiment was performed to determine whether NT buffer with EDTA and NT buffer with serum, equally effective in protecting rabies virus against inactivation at 37 C, could protect virus against loss of infectivity caused by freezing and thawing (Table 4 ).
The results indicate that serum added to NT or NTE completely protected virus against loss of infectivity after 10 cycles of freezing and thawing. The titer of virus suspended in NTE alone decreased 5-fold after similar treatment but was a full 10-fold less than that in serumcontaining diluents because of an apparent increase in titer in such diluents. Virus in NT buffer alone declined 100-fold in titer during this treatment. DISCUSSION We have compared, by identical technique, the effect of heating, at assorted temperatures, upon the viability of rabies and several other rhabdoviruses propagated under similar conditions in BHK-21 cells. To our knowledge, this is the first report of a systematic study of thermoinactivation of rhabdoviruses. For each given combination of temperature and suspending diluent, it was determined that the halflives of rabies virus (strains ERA and PM) and the rabies serogroup Lagos bat and Mokola viruses were in general about twice those observed with VSV and KCV. Cdhsistent differences in thermolability among the four rabies serogroup viruses tested, which might have served as useful marker characteristics, were not observed. The fish rhabdoviruses SVCV and PFV, which show much lower optimum temperature for replication in BHK cells than do mammalian rhabdoviruses (6; H F. Clark, unpublished data), are not obviously more thermolabile than rabies virus.
Biphasic inactivation curves were commonly observed with each virus when treated at 56 C in diluents other than PBS or NT buffer. It was determined that diluents containing serum protein consistently afforded some protection to viruses heated at 56 C, whereas protein-free diluents did not. At temperatures of 37 C and below, NTE provided a remarkable degree of protection for each virus, whereas the proteincontaining diluents based upon complex cell culture medium were totally inefficacious.
These results suggest that different mechanisms of inactivation are operative at 56 C and at lower, physiological temperatures. A similar pattern detectable during heat inactivation of picornaviruses has previously been suggested based upon observation of: (i) a Rabies virus (ERA) was concentrated by sedimentation and suspended in a minimum quantity of NT buffer. Concentrated virus was diluted 100-fold in test buffers and rapidly frozen and thawed 10 times, using a dry ice-ethanol bath and a 37 C water bath. Initial titer, 2.6 x 107 plaqueforming units (PFU)/ml. NT-Sr2 and NTE-Sr2 are buffers with 2% fetal calf serum.
temperature but at similar rates at lower temperature (12) ; and (iv) isolation of virus variants whose stability was increased at high temperature but unchanged at physiological temperatures (35) . Dimmock (12) has suggested that these data are compatible with virus inactivation primarily by protein damage at the higher temperatures and by disruption of nucleic acid at physiological temperatures. Physical fragmentation of the ribonucleic acid genome of rhinoviruses inactivated by heating at 34.5 C has recently been demonstrated (17) .
The mechanism by which EDTA protects rhabdoviruses against heat inactivation has not been determined. The observation is in agreement with findings of others that substances with chelating properties, heparin in the case of rabies virus (30) and EDTA and bentonite in the case of a variety of viruses (1), protect infectivity. That a chelating agent might be expected to protect virus infectivity might also be expected from the reports of Wallis and Melnick that 1.0 M concentrations of Ca2+ or Mg2+ enhanced the thermolability of several types of ribonucleic acid or deoxyribonucleic acid viruses (31, 32) and from earlier reports that bacteriophage exhibited increased lability in media containing these ions in concentrations exceeding 0.15 M (4). Nevertheless, the fact that we observed protection of rhabdoviruses at EDTA concentrations as low as 0.0001 M suggests that we have observed a protective phenomenon based upon chelation of much lower concentrations of cations. The chelating effect may act by removing cations (i) that act as necessary cofactors for degradative enzymes, (ii) that non-enzymatically catalyze decomposition of virus components, or (iii) that poison endogenous virus enzymes necessary for replication.
We do not know which ion is critically important; it is difficult to interpret the results of our experiment in which excess Mg2+ and Ca2+ were added to EDTA-or EGTA-protected virus suspensions. The efficient protective effect of EGTA, which allegedly complexes only Ca2+ and Ba2+ (24) , suggests that Ca2+ may be the cnritical cation. Two contrary observations are: (i) the fact that excess Mg2+ greatly reduces the protective effect of EDTA despite the fact that Mg2+ is not capable of displacing Ca2+ from EDTA (16) , and (ii) a slight protective effect of EDTA and EGTA persists in the presence of 5-to 10-fold excess concentrations of Ca2+, despite the fact that these chelating agents can complex cations only on an equimolar ratio (16) . The latter observations suggest that the added Ca2+ and Mg2+ may eliminate the protective effect of the chelating agents by displacing some other cation, possibly present only in trace amounts.
Serum added to NT buffer protects rabies virus at physiological temperatures under conditions where serum added to cell culture medium is totally without effect. Serum and EDTA protective effects in NT buffer are not additive. The explanation of these observations is uncertain. It is possible that serum itself exerts a minor chelating effect or that serum and EDTA may act in a similar nonspecific virus-complexing manner in simple diluents only.
Final elucidation of the mechanism of the protective effect of EDTA and EGTA upon rhabdovirus will require study of the role played by other cations in the thermal inactivation of purified virus and the biochemical and morphological characterization of virions exposed to heat under chelating agent-protected and unprotected conditions. In the meantime, it is apparent that addition of EDTA or EGTA to the virus-suspending medium in minimal concentrations may be expected to very effectively stabilize the infectivity of rhabdoviruses undergoing storage for repaarch purposes or for use as live virus vaccines. Addition of serum to NTE is indicated for preparations to be frozen. Cell culture medium is a poor milieu for the manipulation of rabies virus in the laboratory.
